Introduction
Microfluidic paper-based analytical devices (μPADs) have great advantages, such as low cost, being easy to mass produce, use, carry around, and disposal after use. 1 For these reasons, μPADs are to be popular alternative devices to conventional ones for food safety analysis, 2,3 environmental monitoring, 4, 5 and pointof-care diagnosis. [6] [7] [8] [9] μPADs have been fabricated by a variety of methods, including (1) photolithography, [10] [11] [12] (2) wax printing, [12] [13] [14] (3) inkjet printing, [15] [16] [17] [18] (4) screen printing, [19] [20] [21] [22] and (5) craft cutting.
Experimental

Reagents and chemicals
Whatman chromatography paper #1 was purchased from GE Healthcare Japan Co., Ltd. (200 × 200 mm, thickness = 0.18 mm, Tokyo, Japan) and used as a substrate for μPAD devices. SU-8 2010 photoresist and SU-8 developer were obtained from Microchem (Westborough, MA, USA). Isopropanol, used to remove unreacted SU-8 developer, was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Polydimethylsiloxane (PDMS, SILPOT 184 CAT), used as hydrophobic ink for screen printing, was purchased from Dow Corning Toray Co., Ltd. (Tokyo, Japan). For edge observations, a 1 mM phenolphthalein solution was prepared by dissolving phenolphthalein (special grade, Kanto Chemical Co., Inc., Tokyo, Japan) in ultrapure water (Millipore water purification system, 18 MΩ cm, Milli-Q, Millipore, Bedford, MA, USA) and added 0.1 mM NaOH. To measure the wicking rate, 9 mM bromothymol blue (Wako special grade, Wako Pure Chemical Industries) was prepared by dissolving in 95% ethanol. Albumin, from bovine serum (Wako 1st grade) was obtained from Wako Pure Chemical Industries and used with ultrapure water to prepare BSA standard solutions (0, 20, 40 and 60 μM). A citrate buffer solution (250 mM, pH 1.8) was prepared by mixing (41:8 v/v) of a 250 mM trisodium citrate dihydrate solution (special grade, Wako Pure Chemical Industries, Ltd.) and a 250 mM citric acid solution (special grade, Kishida Chemical Co., Ltd., Osaka, Japan). To measure the BSA concentration, 9 mM tetrabromophenol blue (TBPB, SigmaAldrich Co., Inc.) was prepared by dissolving in 95% ethanol.
Pattern designs and fabrication procedures of μPADs
The patterns of the photomasks for photolithography were designed using AutoCAD 2015 (Autodesk, Inc., CA, USA), and then obtained from Unno Giken Co., Ltd. (Tokyo, Japan). The pattern of the hydrophobic barrier for the μPAD was designed using Inkscape and Adobe Illustrator (Adobe Systems Inc., Tokyo, Japan), for wax-and screen-printing methods, respectively. The pattern for the craft cut μPAD was designed using Silhouette Studio software (GRAPHTEC Corp., Kanagawa, Japan).
As shown in Fig. S1 (Supporting Information), the channel design of the μPAD had eight channels connected to eight separate detection zones (f = 4 mm) located around the buffer introduction zone (f = 12 mm). The μPADs were fabricated by photolithography and screen printing, as described in our previous reports. 12, 19, 28, 29 The μPADs were also fabricated by a wax printer (Xerox Tektronix PHASER 850, Xerox Corp., Tokyo, Japan) and a commercially available craft cutting machine (Silhouette CAMEO, GRAPHTEC Corp.), for a wax printing method and a cutting method, respectively. The detailed fabrication procedures are described in Supporting Information.
Protein assay procedure
First, 15 μL of a 250 mM citrate buffer solution (pH 1.8) was introduced into the buffer zone and was evaporated using a dryer for 2 min. Then, 15 μL of a 9 mM TBPB solution in 95% ethanol was introduced into the buffer zone and was evaporated using a dryer for 5 min. Finally, 3.5 μL of BSA solutions of different concentrations was separately spotted onto the eight detection zones. Colorimetry was used as the detection method. The distance between the μPAD and a digital camera (EOS Kiss X6i, Canon, Tokyo, Japan) was ca. 20 cm, and images of the PADs were taken using a digital camera under fluorescent lighting conditions. The color information was measured with an image analysis software program (ImageJ Ver. 1.48).
Results and Discussion
Evaluation of fabrication efficiency
In Table 1 , we summarize our comparison of the μPADs fabricated by the four types of methods. First, we evaluated the ease of implementing each μPAD fabrication method. We fabricated the μPADs as shown in Fig. S2 (Supporting Information). Wax printing, screen printing, and craft cutting methods were very simple; especially, screen printing only required rubbing PDMS ink on the stencil several times using a squeegee to get ink penetration into the paper substrate. Wax printing and craft cutting could automatically fabricate μPADs using the respective apparatuses. However, photolithography included many fabrication steps and took a long time.
Then, we evaluated the fabrication throughput for the μPADs using each method. The fabrication efficiencies (as devices/ fabrication at once) were 4, 12, 36, and 10, for photolithography, wax printing, screen printing, and craft cutting, respectively. Although the fabrication efficiency depends on the channel The leakage of solution should be prevented to improve the cross-contamination
The μPAD indicates good properties
The μPAD is the fastest wicking rate and evaporation , Great result. , Good result. ×, Bad result. a. Raw material costs are not included a cost of the fabricating instrument.
pattern, screen printing had the highest fabricating efficiency among the four fabrication methods. We used a stencil with a 20-cm square printing area, and the μPAD size was 3-cm square. We were able to fabricate 36 μPADs at one time. The UV irradiation area of a typical mask aligner was 6 -8 cm square. According to literature, we can assume the throughput of the number of fabricating μPADs (~2 cm square) to be 9 -16 devices at one time. 10 Photolithography, in comparison, could fabricate only 4 μPADs at once due to the limited UV irradiation area (about an 8-cm square) and the size of the μPAD (about a 3-cm square). Wax printing and craft cutting had similar fabrication throughputs.
We also focused on the fabrication costs, calculated from the raw material costs, including the paper (Whatman chromatography paper #1: $40/100 papers) and reagents. The raw material costs were calculated as follows: Five milliliters of SU-8 2010 ($2290/L) and 200 mL of SU-8 developer ($85/L) were used for photolithography. Seven grams of PDMS ($0.136/g) were used for screen printing. The costs of the wax ink and cutting sheet were $36/color-ink and $12/sheet. From the material costs including the paper cost, we estimated the fabrication costs of μPADs. For photolithography, wax printing, screen printing, and craft cutting, the respective fabrication costs were estimated to be ~$7.11, ~$1.82, ~$0.0376, and ~$1.55, and the respective apparatus costs were ~$100000, ~$3000, ~$3000, and ~$300.
Evaluation of the patterning ability
We evaluated the patterning ability of each fabrication method.
To prevent leakage of the solutions and contaminations, the hydrophobic and hydrophilic areas should be clearly patterned on the paper substrate. In this paper, we define the microchannel clearly patterned by hydrophobic ink as good channel patterning. Therefore, we observed the boundary between the hydrophobic area and hydrophilic area constituting the microchannel of the μPADs (topside and backside) using a benchtop SEM (proX PREMIUM, Phenom World Co., Ltd.). Figures 1(a) and 1(b) show SEM images of the μPAD fabricated by photolithography. The boundary between the hydrophobic and hydrophilic areas was clearly formed on the topside. However, it was not clearly formed on the backside of the μPAD. We assume that the photoresist could not completely crosslink due to poorer UV exposure on the paper backside. We can improve patterning of the channel design by using a thinner paper substrate or having an additional UV irradiation from the substrate backside. Figures 1(c) and 1(d) show SEM images of the μPAD fabricated by screen printing. For screen printing, the boundary between the hydrophobic and hydrophilic areas was clearly formed on both paper sides and the method showed the best channel patterning capability. The amount of PDMS ink can be adjusted depending on the paper substrate and channel design. 19 The optimal amount of PDMS ink and the rubbing frequency make it possible to fabricate μPADs with good channel patterning.
On the other hand, we did not confirm any significant difference between both sides of the μPADs fabricated by wax printing and craft cutting, as shown in Fig. S3 (a, b) (Supporting Information). However, the amount of printed wax ink was not enough to make the boundary between the hydrophobic and hydrophilic areas of the μPAD. For this reason, we consider that the wax ink could not penetrate uniformly into the cellulose fibers, and this might affect the performance of the μPAD. Wax printing can fabricate a completely patterned μPAD by controlling the melting point and heating time of the wax ink to prevent cross-contamination. In the case of craft cutting, all bare cellulose fibers were observed because it did not use chemicals (Fig. S3 (c, d) ) (Supporting Information).
Then, a 1 mM phenolphthalein solution was pipetted onto each μPAD to observe the formed channel pattern. The μPAD fabricated by photolithography underwent an oxygen plasma treatment to increase the hydrophilicity. Figure 2 shows photographs of μPADs when the phenolphthalein solution was introduced. In the case of wax printing, the phenolphthalein solution flowed out from the buffer introduction zone. We think that the wax printed μPAD did not form a complete hydrophobic barrier ( Fig. S3 (a, b) ) (Supporting Information) due to insufficient wax ink on the paper substrate. In the case of photolithography, phenolphthalein solution did not fill every part of the μPAD and there was slight leakage out to the hydrophobic area. This result indicates the hydrophilicity of the whole μPAD (the extent of the hydrophobic and hydrophilic areas) was increased by the oxygen plasma treatment and it led to a penetration of the phenolphthalein solution into the hydrophobic area. In the case of craft cutting, we did not observe any leakage of the phenolphthalein solution from the buffer introduction zone of the μPAD put on pinholders, because the craft cut μPAD had only the hydrophilic area based on the presence of bare cellulose fibers. From these results, we conclude that the photolithography method can produce the most sharp channel among the four methods, although the fabrication methods would affect the performance of the μPADs, including their wicking rate, sensitivity, and precision of analysis. In the next section, we therefore evaluate the wicking rate of the μPADs.
Evaluation of the wicking rate
To evaluate the wicking rate changing of four fabrication methods, we measured the wicking rate of the μPADs using 9 mM bromothymol blue (dissolved in 95% ethanol). First, 15 μL of 9 mM bromothymol blue or ultrapure water was dropped onto the center part of the buffer introduction zone. Then, we measured the time for the solution to reach the detection zone. The wicking rates of bromothymol blue were 0.724 (RSD = 3.41%), 0.574 (6.23%), 0.853 (1.92%), and 0.960 (2.72%) mm/s, for photolithography, wax printing, screen printing, and craft cutting, respectively (see Table 1 ). The wicking rates of the μPADs fabricated by craft cutting and screen printing were faster than the other fabrication methods, because the channel areas were completely formed without any chemical processing. Contrary to our expectation, the μPAD fabricated by photolithography had a moderate wicking rate. For this experiment, because the μPAD had not undergone the oxygen plasma treatment, we consider that the organic solvent remained in the cellulose fibers, which promoted wicking of the ethanol-based solution. The μPAD fabricated by wax printing had the slowest wicking rate due to unclear patterning of the channel design.
We also measured the wicking rate under the same experimental procedures using ultrapure water. Water dropped onto the μPAD fabricated by photolithography without oxygen plasma treatment did not flow into the μPAD (Fig. S4) . We then used the μPAD that had undergone the oxygen plasma treatment and measured the wicking rate of ultrapure water ( Table 1 ). The wicking rates were 0.831 (RSD = 9.65%), 0.810 (12.8%), 1.37 (12.9%), and 1.97 (5.04%) mm/s, for photolithography, wax printing, screen printing, and craft cutting, respectively.
Product information of Whatman chromatography paper #1 (thickness: 0.18 mm, weight: 87 g/m 2 ) is reported to be 130 mm/30 min (0.0722 mm/s). However, the provided wicking rate was measured by a different evaluation method from our case. We assume that the wicking rate of the μPAD fabricated by craft cutting shows a similar value with typical chromatography paper, because the μPAD is composed by bare cellulose fiber. Therefore, we compared the wicking rate of the craft cutting device and other devices. The wicking rates of the μPADs fabricated by craft cutting and screen printing were also faster than the other fabrication methods, because the channel area were completely formed without any chemical processing. The hydrophilicity of the μPAD fabricated by photolithography was enhanced by the oxygen plasma treatment, and thus performance became the same as for the wax-printed μPAD. These results indicate the fabrication methods affected the wicking property of μPADs and their performance could be improved by selecting suitable fabrication methods, post treatment, and experimental conditions.
Comparison of performance for protein assay using the μPADs
Finally, we compared the performance for the protein assay using the μPADs. We carried out the colorimetric protein assay in triplicate, and compared the μPADs using the K-scale (color scale) 29 and standard deviation (STD) of color scale. Figure 3 (a) shows photographs of μPADs used for the colorimetry. The protein reacted with TBPB to give detection zones with a blue color. Figure 3(b) presents the calibration plot of the protein assay using the μPADs. The K-scale of the μPAD fabricated by craft cutting was lower than the values of the other μPADs. We consider that the evaporation rate of the craft cut μPAD was higher than those of the other μPADs, because the solution could evaporate not only from the top and back sides of the device, but also from the edges. BSA molecules (66 kDa) cannot diffuse into all of the detection zones due to the rapid evaporation of the solvent. The diffusion or transfer rate of protein molecules depends on the drying condition of the paper substrate, and might be limited, even with the semi-dried condition due to rapid evaporation. In other words, all the BSA molecules introduced into the detection zones could not react with TBPB. For this reason, the color intensity obtained from the craft cut μPAD was low. The K-scale of the μPAD fabricated by photolithography also showed lower intensity compared with the two types of printing-based μPADs. The introduced solution could not flow homogeneously into the μPAD fabricated by photolithography, because of the leakage of solution from the introduction zone and the shortage of hydrophilic cellulose fibers inside the paper substrate by a plasma treatment of all the total topside area of the μPAD. Therefore, BSA diffused nonuniformly and did not react with TBPB in the detection zones. On the other hand, the K-scale values of the μPADs fabricated by wax printing and screen printing were of higher intensity than those of the other μPADs. The hydrophilic area of printingbased μPADs are composed of bare cellulose fibers, and the solution can only evaporate at the top and back sides of the paper substrates. We consider that the bare cellulose fibers and desirable diffusion rate of proteins were responsible for the high detection intensity. However, we did not confirm any large difference in the STD among the μPADs, because of the similar color reproducibility in detection zones among the μPADs. We fabricated three μPADs for each fabrication method, and carried out the protein assay three times. This result indicates that the assay reproducibility of the μPADs fabrication and of the protein assay was confirmed, regardless of the fabrication methods.
Conclusions
We investigated the characteristics of μPADs fabricated by four different methods: photolithography, wax printing, screen printing, and craft cutting. Photolithography has complicated fabrication procedures, and an oxygen plasma treatment is necessary to introduce an aqueous solution into the μPAD. The boundary between the hydrophobic and hydrophilic areas was formed most sharply for the photolithography method among the four methods. However, the K-scale intensity of this device was lower than those of the other devices. Wax printing offers a simple and rapid fabrication, although the leakage of the solution should be prevented to improve the wicking rate and to avoid cross-contamination. Screen printing is also an easy fabrication method. The screen-printed μPAD had a good wicking property and showed high detection intensity. Craft cutting provides an automated fabrication for many μPADs at once. The craft cut μPAD had the fastest wicking rate among the four μPADs due to the bare cellulose fibers. In conclusion, our reports established that different hydrophobic barrier conditions due to different four fabrication methods effected to the analytical properties, such as the wicking rate and the evaporation rate. We assume that the detection intensity can be raised by optimizing the evaporation rate. Therefore, we believe that these reported characteristics of the μPADs will promote development of other new μPADs and will lead to improved μPAD performance.
